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Abstract 
 
Epitaxial ScxGa1-xN films with 0 ≤ x ≤ 0.50 were grown using molecular beam epitaxy 
under metal-rich conditions. The ScxGa1-xN growth rate increased with increasing Sc flux 
despite the use of metal-rich growth conditions, which is attributed to the catalytic 
decomposition of N2 induced by the presence of Sc. Microstructural analysis showed that 
phase-pure wurtzite ScxGa1-xN was achieved up to x = 0.26, which is significantly higher 
than that previously reported for nitrogen-rich conditions, indicating that the use of metal-
rich conditions can help to stabilise wurtzite phase ScxGa1-xN. 
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1 Introduction Wurtzite-structure III-nitrides are of interest for optoelectronic and high 
power electronic applications. These semiconductors include AlN, GaN and InN and their 
alloys, which have direct band gaps of 6.2 eV, 3.4 eV and 0.7 eV respectively [1–4] and are 
therefore able to emit light across the ultraviolet, violet and red spectral regions. However, 
current state-of-the-art optoelectronic devices suffer from poor internal quantum efficiencies, 
partly due to the lattice mismatch with the substrate or between layers leading to high 
dislocation densities and in-plane stresses [5]. Therefore, it is of interest to develop new 
wurtzite-structure nitride semiconductors with different lattice parameter-band gap 
relationships, such as alloys between GaN and ScN.  
 
ScN is stable in the cubic rock-salt structure with an a lattice constant of 4.51 Å [6] while 
GaN favours the hexagonal wurtzite structure with an a lattice constant of 3.189 Å and c 
lattice constant of 5.185 Å [7]. ScN is of interest in its own right as an electronic and 
thermoelectric material [8–14] and as a dislocation reduction layer in GaN heterostructures 
[15–18]. The structural stability of different phases of ScN and ScxGa1-xN has been 
investigated by theoretical calculations [19–22]. ScN has been predicted to be metastable in a 
non-polar hexagonal-BN-like structure with a c/a lattice parameter ratio of 1.207 and a u 
parameter of 0.515. Experimental stabilisation of this phase is of particular interest as it is 
predicted to be associated with the appearance of highly strain-tunable band gaps and 
ferroelectric properties [22,23]. Zhang et al. predicted that ScxGa1-xN prefers the polar 
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wurtzite structure up to x = 0.66, where the c/a lattice parameter ratio will decrease until a h-
BN-like phase appears, after which a phase transition to the rock salt structure should occur 
[22]. However, spinodal decomposition may occur as x increases. For example, ScxGa1-xN 
has been predicted to be stable in the wurtzite phase only up to x = 0.27, if it is strained to 
GaN [16]. However, it is well known that non-equilibrium phases can be stabilised for the 
case of thin films using molecular beam epitaxy (MBE) [24]. Therefore, experimental growth 
of ScxGa1-xN across a range of different conditions is required to determine what can be 
stabilised in practice. 
 
ScxGa1-xN has already been produced by sputtering [25], resulting in amorphous films, and 
molecular beam epitaxy (MBE) using plasma-activated N2 [26] or NH3 [27] as a nitrogen 
source, resulting in epitaxial films. Constantin et al. grew ScxGa1-xN films under nitrogen-rich 
conditions using N2 activated with an RF plasma source and found the following structures: 
wurtzite-like for x ≤ 0.17, mixed-phase for 0.17 < x < 0.54 and rock-salt for x ≥ 0.54. The 
c/a ratio was found to decrease linearly with increasing x for the samples in the wurtzite-like 
regime, consistent with the predictions by Farrer et al. and Zhang et al. [22,23,26]. Moram et 
al. grew films using MBE under nitrogen-rich conditions using NH3 as a nitrogen source, 
obtaining wurtzite-structure films for 0 < x < 0.08 [27,28]. However, no reports exist for the 
growth of ScxGa1-xN under metal-rich conditions, even though these conditions are known to 
produce GaN films with smoother surfaces and lower defect densities compared to GaN 
grown under nitrogen-rich conditions [29–32]. Therefore, this report investigates the growth 
and microstructure of ScxGa1-xN films grown using MBE with metal-rich conditions. 
 
2 Experimental methods Epitaxial ScxGa1-xN films were grown on (0001)-oriented 
sapphire substrates with an in situ grown GaN buffer layer using MBE with an N2 plasma 
source under metal-rich growth conditions. A layer of molybdenum (Mo) was deposited on 
the back of the sapphire substrate by sputtering to assist substrate temperature measurement 
using an optical pyrometer. The substrate temperature was kept at 750 °C during growth of 
all layers. The film compositions were controlled by varying the Sc flux by adjusting the 
effusion cell temperature while maintaining a constant Ga flux, as measured using a beam 
flux monitor. The N2 purity was 99.9999% (plus an in-line filter was used), the Ga purity was 
99.9995% and the Sc purity was 99.999%. The Sc metal was purified by an electron beam 
refinement process, without using any fluorinated compounds at any stage of the purification, 
and thus no detectable fluorine was found in the target (in contrast to most commercially 
available Sc metal which is typically contaminated with fluorine). The N2 chamber pressure 
was maintained at 8.5 × 10-5 mbar and the N plasma power was at 350 W. Prior to the 1 hr 
ScxGa1-xN film growth, a GaN buffer layer was first deposited under the same conditions as 
the ScxGa1-xN film on the substrate for 1 hr. The film thicknesses for ScxGa1-xN range 
between 760 nm and 915 nm while the thickness for the GaN buffer layer is 650 nm. The 
film thicknesses were measured from the cross-sectional TEM images. Wet etching 
experiments also reveal that the MBE-grown GaN buffer layers are N-polar. 
 
Rutherford backscattering (RBS) was carried out for film composition determination at 2 
MeV with 4He with an incident angle of 0º, enabling ScxGa1-xN composition determination to 
a precision of x ± 0.01. Further details of composition determination will be published 
elsewhere [33]. A standard detector at 140º and two pin-diode detectors at 165º were placed 
in the RBS chamber. The RBS data analysis was performed using the IBA DataFurnace NDF 
v9.6d [34]. Surface morphology characterisation was performed using a Bruker Innova 
atomic force microscope (AFM) in tapping mode using a tip with a radius of 10 nm. AFM 
data analysis was carried out using WSxM software [35]. Raman spectroscopy was 
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performed using a HORIBA Jobin Yvon LabRAM HR800 Ev with a 532 nm laser, a 10x 
objective and a 1800 gr/mm grating. Conventional and high-resolution (HR) transmission 
electron microscopy (TEM) imaging was carried out using a JEOL 2000 and a JEOL 2100 
microscope operating at 200 kV. High angle annular dark field (HAADF) imaging in the 
scanning transmission electron microscopy (STEM) mode was done using JEOL 2100 
microscope. Cross-sectional and plan-view TEM samples were prepared by mechanical 
grinding followed by ion polishing. Energy dispersive X-ray spectroscopy (EDX) was 
performed using an Oxford instruments X-MaxN 80 silicon drift detector operated in a JEOL 
2100 microscope. 
  
3 Results and discussions 
3.1 ScxGa1-xN film growth rate The ScxGa1-xN film growth rate was found to increase 
as the Sc flux increased and was 15%–30% higher than that of GaN grown under metal-rich 
conditions (Figure 1(a)). This increased growth rate can be attributed to the catalytic 
decomposition of N2 by Sc, which has been reported previously for the case of ScN growth: 
ScN films can be grown directly from N2, without using a N2 plasma source [36] (a plasma 
source is necessary for GaN growth, due to the insufficient reactivity of N2 with Ga [37]). 
This effect is confirmed in our reactor for the case of pure ScN growth under conditions 
comparable to those used for ScxGa1-xN growth, except that the N2 plasma source was not 
switched on (Figure 1(b)). However, this catalytic effect leads to uncertainty regarding the 
true metal-to-nitrogen ratio at the growth surface. For instance, under metal-rich growth 
conditions, the GaN growth rate is limited by the supply of active N. Yet, in the case of 
ScxGa1-xN, the growth rate increases with increasing Sc flux, suggesting that additional active 
nitrogen has become available, alongside the increased total metal flux. Therefore additional 
evidence is needed to determine whether the films were grown in the metal-rich or nitrogen-
rich growth regime. 
 
 
Figure 1 (a) Plot of the growth rates of wurtzite-
structure ScxGa1-xN as a function of Sc flux and 
(b) Plot of the ScN growth rate as a function of 
Sc flux with a N2 gas flow rate of 1 sccm (no N2 
plasma source used). 
 
3.2 ScxGa1-xN film surface morphology Surface morphology measurements showed 
that the ScxGa1-xN films become smoother as the Sc content increases (root-mean-square 
(RMS) roughness for x = 0 is 8.5 nm and x = 0.26 is 2.59 nm), due to a decrease in the 
average lateral feature size, until a phase transition to the rock salt structure occurs (RMS 
roughness for x = 0.5 is 19.05 nm). A similar trend has been demonstrated for MBE-grown 
films of MnGaN [38] and ScGaN [21] and is attributed to the decrease in surface adatom 
mobility due to an increase in the average diffusion barrier height with increasing surface 
concentrations of Mn and Sc respectively. These data also help to confirm that the films are 
grown under metal-rich conditions. The AFM image of GaN (Figure 2(a)) is consistent with 
growth under metal-rich conditions, as expected. Moreover, the morphologies of ScxGa1-xN 
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films for 0 ≤ x ≤ 0.26 are comparable to those of MnGaN grown under the Ga-poor metal-
rich regime in Ref. [38]. Therefore, we conclude that these films were grown under metal-
rich conditions. The higher roughnesses found for the high Sc content ScxGa1-xN film (Figure 
2(f)) are most likely due to the presence of relatively large inclusions having the rock-salt 
crystal structure. 
 
 
Figure 2 1 x 1 µm AFM images of ScxGa1-xN 
films with increasing Sc content: (a) x = 0 (Z-
scale = 58 nm), (b) x = 0.08 (Z-scale = 106 nm), 
(c) x = 0.15 (Z-scale = 70 nm), (d) x = 0.26 (Z-
scale = 20 nm), (e) x = 0.38 (Z-scale = 27 nm), 
(f) x = 0.50 (Z-scale = 132 nm). All images were 
processed using parabolic flattening. 
 
3.3 ScxGa1-xN films microstructure and electron diffraction pattern The TEM 
data indicate that all films have a columnar microstructure (Figure 3). A similar columnar 
structure has been reported in both GaN [39,40] and ScN [41], however, a relatively high 
angle of 15˚ was observed between the ScN growth direction and the [0001] direction. At low 
Sc contents (x = 0.08 and x = 0.15), several superimposed diffraction patterns were observed 
in cross-section, indicating relative in-plane rotational misorientations of the grains. 
Moreover, consideration of the individual diffraction patterns from each grain showed that 
these ScxGa1-xN films have hexagonal symmetry and are oriented in the [0001] direction out 
of plane, as confirmed by X-ray diffraction. However, at higher Sc contents (e.g. x = 0.26), 
there are two main relative in-plane rotational orientations of the hexagonal grains, as shown 
in the plan-view TEM images (Figure 4(a)). It is confirmed from the electron diffraction 
patterns that the in-plane rotation only occurs in ScxGa1-xN film whereas there is no sign of 
rotation in the GaN buffer layer (Figure 4(b)). This relative in-plane rotation may occur to 
relieve the larger in-plane lattice mismatch between ScxGa1-xN and GaN for films with higher 
Sc contents [42].  
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Figure 3 Cross-sectional bright field TEM 
images of hexagonal ScxGa1-xN films obtained 
from the < 011̅0 > zone axis with (a) x = 0.08, 
(d) x = 0.15, (g) x = 0.26, with corresponding 
diffraction patterns obtained from (b), (e), (h) the 
< 011̅0 > ScxGa1-xN zone axis and (c), (f), (i) 
the < 2̅110 > ScxGa1-xN zone axis. 
 
 
Figure 4 (a) Plan-view dark field TEM image of 
a hexagonal ScxGa1-xN film with x = 0.26, with 
imaging conditions chosen to highlight regions 
of the film having only one of the two main in-
plane orientations, insert: plan-view selected area 
diffraction pattern obtained from the same film; 
(b) plan-view dark field image of a GaN film 
grown under the same condition as the GaN 
buffer layer, insert: plan-view selected area 
diffraction pattern. 
 
The c/a lattice parameter ratios of the hexagonal ScxGa1-xN films were calculated from the 
electron diffraction patterns. The c/a ratio of the ScxGa1-xN film decreased from 1.61 to 1.57 
as the Sc content increased from x = 0.08 to x = 0.26. The result was consistent with previous 
theoretical and experimental data indicating that the c/a ratio decreases as the Sc content 
increases [22,26]. The reference c/a ratios of the GaN layer calculated from the diffraction 
patterns averaged 1.625 ± 0.005, in good agreement with literature values [43–45]. This 
indicates that, under metal-rich conditions, ScxGa1-xN in the pure wurtzite phase can be 
achieved up to x = 0.26, which agrees with the theoretical values precisely [21,22].  
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Figure 5 (a) Cross-sectional dark field TEM 
images of a ScxGa1-xN film with x = 0.50. White 
circles indicate the locations from which the 
diffraction patterns in the insets (1) and (2) were 
taken; (b) ScxGa1-xN twinned grains with the 
rock-salt structure formed near the film surface. 
 
 
Figure 6 STEM 
HAADF image of a 
ScxGa1-xN film with 
x = 0.50 (black 
squares indicate the 
points where EDX 
measurements were 
carried out). 
 
Table 1 Sc contents (x) measured using energy-
dispersive X-ray spectroscopy (EDX) for a 
ScxGa1-xN film with overall x = 0.50 at the points 
indicated in Figure 6. 
Point x (Sc content) 
1 (hexagonal) 0.56 
2 (hexagonal) 0.55 
3 (cubic) 0.69 
4 (cubic) 0.62 
5 (cubic) 0.90 
6 (cubic) 0.95 
7 (hexagonal) 0.55 
 
However, mixed hexagonal and cubic phases are observed for films with Sc contents x > 
0.26, as indicated by selected area diffraction patterns obtained in cross section (Figure 5). 
The hexagonal regions of the film have a similar columnar microstructure to the films with 
lower Sc contents. In contrast, the cubic regions of the film have relatively large, rounded 
grains. The diffraction patterns obtained from these regions are consistent with the fcc rock-
salt structure (e.g. the fcc [011] pattern shown in Figure 5(a), inset 2). Some twinning was 
also observed within the cubic regions (Figure 5(b)). The STEM HAADF showed a relative 
increase in the Sc content within the cubic inclusions (Figure 6), as confirmed by energy-
dispersive X-ray spectroscopy (EDX) analysis performed on both the hexagonal and the 
cubic parts of the films (Table 1). This suggests that phase decomposition may have occurred 
and/or that Sc droplets (which subsequently became nitrided) may have accumulated on the 
surface of the films having such high Sc contents (x = 0.5). Considering the RBS 
measurement as a reference, the Sc concentration measured using EDX on the hexagonal 
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regions is slightly higher than that measured using RBS. In spite of the measurement error of 
EDX, the Sc concentration at the cubic parts appears higher than that at the hexagonal parts. 
 
Figure 7 (a) Raman spectra for GaN and ScxGa1-
xN films; (b) shows the 𝐸2
𝐻 phonon mode of GaN 
and ScxGa1-xN films, enlarged from the boxed 
area in (a). 
 
3.4 Raman spectrum from ScxGa1-xN films The observed trends in the Raman 
spectra are also consistent with the microstructural changes observed in TEM. The peak 
associated with the 𝐸2
𝐻 phonon mode of the wurtzite phase disappears when x increases from 
0.26 to 0.38, confirming the presence of a phase transition from phase-pure wurtzite films to 
mixed-phase or purely cubic films (Figure 7(a)). The broad peaks at 400 and 670 cm-1 
obtained from Sc0.38Ga0.62N and Sc0.5Ga0.5N are believed to be the phonon modes from ScN 
[46,47]. The presence of mixed phases for Sc0.38Ga0.62N and Sc0.5Ga0.5N are confirmed from 
the selected area diffraction patterns, however the signal from the cubic phase appears much 
higher than the wurtzite and this suggests the cubic phase is dominant in these films with high 
Sc concentration. Regarding the hexagonal wurtzite phase, the 𝐸2
𝐻 phonon mode of GaN is 
found at 569 ± 1 cm-1, close to the literature value of 568 cm-1 [48–50], and the peak of this 
mode shifts to 559 ± 1 cm-1 as the Sc content increases to x = 0.26, as expected for alloy films 
in which an increase in the concentration of a relatively heavier element occurs. Although in-
plane stress is another possible factor causing the redshift of the Raman peak, the ScxGa1-xN 
films are believed to be relaxed as the film thicknesses are larger than the critical thickness 
suggested by Zhang et al. [51] and the in-plane lattice parameter of the ScxGa1-xN films 
differs significantly from that of the underlying GaN buffer layers. On the other hand, the 𝐸2
𝐻 
phonon mode peaks became asymmetric and reduce in intensity as the Sc content increases, 
this is believed to be a result of the presence of basal stacking faults, which has been reported 
in Ref. [52].  
 
4 Conclusions In conclusion, under the metal-rich growth condition, single-phase 
hexagonal ScxGa1-xN films were achieved for 0 ≤ x ≤ 0.26, although some in-plane rotational 
misorientation is observed. The phase transition at x = 0.26 is consistent with theoretical 
predictions for ScxGa1-xN films and significantly higher than the value of x = 0.17 
demonstrated by Constantin et al. for plasma-assisted MBE growth of ScxGa1-xN under 
nitrogen-rich conditions [26]. These results indicate that the use of metal-rich conditions can 
help to stabilise the wurtzite phase in ScxGa1-xN films, thereby allowing a greater range of 
optical and electronic properties to be achieved in this alloy system.  
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